Abbreviations used in this paper: CHO, Chinese hamster ovary; DMEM, Dulbecco\'s modified Eagle\'s medium; NHE, Na/H exchanger; OK, opossum kidney.

INTRODUCTION
============

Na/H exchangers (NHEs) are present in simple prokaryotes, lower eukaryotes, and higher eukaryotes, including plants, fungi, and animals ([@bib10]). In prokaryotes, yeast, and plants, the driving force of ΔμH energizes NHEs to export Na from the cytosol, whereas in animal cells, ΔμNa drives NHEs to extrude H. In mammals, at least 11 NHE isoforms (NHE1-9 and NHA1-2) exist ([@bib4]; [@bib30]), with the possibility of an additional evolutionarily distinct NHE-like gene expressed exclusively in sperm ([@bib48]). NHE1 is the ubiquitous "housekeeping" NHE that regulates intracellular pH and cell volume ([@bib29]). It is also implicated to regulate diverse cellular functions, including cell proliferation, adhesion, and migration ([@bib8]).

Although many studies have addressed the biological roles of NHEs and their regulation, transport kinetics and the molecular operation of mammalian NHEs have received little attention because the transport methods available to study NHEs are rather limited. Plasmalemmal NHE activities are typically determined by changes in bulk cytoplasmic pH using fluorescent, pH-sensitive dyes, Na^22^ isotopic flux, or radioactive/fluorescent membrane--permeant buffer trapping ([@bib44]). Problems of the methods include low sensitivity, poor time resolution, and limited control of cytoplasmic ion concentrations. To overcome some of these limitations, we recently developed a new technique using pH microelectrodes during whole cell patch clamp recording to measure NHE-induced proton fluxes ([@bib11]).

The bacterial NHE, NhaA ([@bib17]; [@bib2]), functions with an electrogenic 2H/1Na stoichiometry ([@bib33]). In contrast, mammalian NHEs are thought to operate as simple alternating access transporters with 1:1 stoichiometry whose activity is then modified by proton binding to regulatory sites on the cytoplasmic side ([@bib3]; [@bib7]; [@bib46]) by interacting proteins ([@bib34]; [@bib27]) and by phosphorylation at multiple sites ([@bib39]). As with many other mammalian transporters, NHE1 exists as a dimer in cells ([@bib28]). Although recent biochemical and structural studies demonstrate that dimer formation is important for NHE1 function ([@bib15], [@bib16]; [@bib28]), it remains largely enigmatic how and if monomer interactions influence transport function.

At least three studies raise significant doubt that mammalian NHEs monomers operate as independent transporters with 1:1 exchange stoichiometry. First, attempts to define pre--steady-state kinetics of NHE3 at low temperatures revealed a highly cooperative activation by Na that was suggested to reflect dimer coupling ([@bib31], [@bib32]). Second, activation of reverse Na/H exchange by cytoplasmic Na is cooperative with a Hill coefficient close to 2 ([@bib12]). Third, analysis of NHE1 mutants with altered regulatory function suggests that the ion dependencies of transport per se are more steep than expected for 1:1 exchange ([@bib24]), and a functional dimer model was proposed in which regulatory sites and transport sites interact allosterically across monomers.

Using oscillating pH electrodes combined with whole cell patch clamp, we describe first that the extracellular Na concentration dependence of forward Na/H exchange can be either biphasic or steep, and we describe second that the functional interactions of ions from opposite membrane sides contradict simple consecutive transport models. To address the potential significance of these complexities, we compared numerous mathematical transport models with an emphasis on the possible functional coupling of NHE monomers, as suggested to occur by the literature introduced above. In brief, we can account in first order for most results by two different dimer coupling models, dubbed parallel (left) and serial (right) coupling models in [Fig. 1](#fig1){ref-type="fig"}. For simplicity, it is assumed in both models (1) that Na and H bind competitively to the same transport sites (see upper cartoons in each panel), (2) that monomers can carry out ion exchange reactions without obligatory coupling to a partner monomer (see lower cartoons in each panel), (3) that ion binding reactions are in equilibrium during transport (i.e., that ion binding is fast with respect to ion translocation), and (4) that ion translocation reactions occur without slippage (see lower cartoons). E1 states refer to the dimer configuration in which both sites are open to the cytoplasmic side, E2 to the configurations with both monomers open to the outside, and E3 to the configuration with the monomers open to the opposite sides. In the parallel coupling model, shown in [Fig. 1 A](#fig1){ref-type="fig"}, monomers operate independently as 1Na/1H exchangers in Mode 1, but they can enter an interaction in which they become coupled (Mode 2) to carry out ion exchange with a 2:2 stoichiometry. To account for the dataset, transitions between the two transport modes are assumed to be controlled by regulatory proton binding sites on the cytoplasmic side. In the serial coupling model, shown in [Fig. 1 B](#fig1){ref-type="fig"}, each monomer carries out transport with a 2Na/2H exchange stoichiometry. Coupling between monomers occurs because translocation of two ions by one monomer favors translocation of two ions by the other monomer in the opposite direction. Thus, ion exchange takes place statistically in a serial fashion with some characteristics of a simultaneous exchange mechanism ([@bib25]). We discuss predictions of these two models in relation to all available data on NHE1.

MATERIALS AND METHODS
=====================

Cell Culture
------------

Chinese hamster ovary (CHO) and opossum kidney (OK) cell cultures were maintained as described previously ([@bib20]; [@bib11]). Immortalized mice skin fibroblasts were maintained in high glucose Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen). Culture media were supplemented with 10% heat-inactivated FBS (Invitrogen) with 100 U/ml penicillin and 100 U/ml streptomycin. Cells were propagated in a humidified 95%/5% air/CO~2~ atmosphere incubator at 37°C. For patch clamp experiments, cells were trypsinized (Ca- and Mg-free solution with 0.25% \[wt/vol\] trypsin and 2 mM EGTA) for 3--5 min and then resuspended in culture medium. Cells were then maintained at room temperature and used within 8 h. Human HVCN1 encoding the human voltage--gated proton channel in pQBI25-fC3 vector (Quantum Biotechnologies) was provided by D. Clapham (Harvard Medical School, Boston, MA) ([@bib35]).

Generation of NHE1^−/−^ and NHE1^+/+^ Skin Fibroblasts
------------------------------------------------------

Dermal fibroblasts were isolated from NHE1 wild-type or knock-out mice (provided by G. Shull, University of Cincinnati, Cincinnati, OH). Subcutaneous dermal tissue was dissected into chilled, sterile PBS, minced, and washed by centrifugation (200 *g* for 3 min) with ice-cold 50:50 low glucose DMEM/Ham\'s F12 medium (Invitrogen), and the pellet was resuspended in prewarmed, preoxygenated DMEM/Ham\'s F12 medium containing 0.35% collagenase type I (Invitrogen) and incubated at 37°C for 30 min with continuous, vigorous agitation. Digestion was stopped with 2 ml of prechilled DMEM/Ham\'s F12 medium supplemented with 10% FBS. Cell pellets were washed three times and then serially diluted into 3--6 wells of a 48-well tissue culture plate. Incubation was continued until colony formation was apparent. Within 2--3 wk of colony formation, cells were subjected to SV40 immortalization (pBRSV plasmid; American Type Culture Collection) by electroporation. Immortalized NHE1^−/−^ and NHE1^+/+^ cells were then characterized for NHE1 expression by RNA and Western blotting.

Patch Clamp
-----------

Electrophysiological methods were also as described previously ([@bib20]; [@bib11]). Unless stated otherwise, the holding potential was 0 mV. The data points in figures are nearly proportional to potential differences recorded by the pH electrode when the cell was moved away from the pH electrode. All results are at 35--37°C.

Proton-selective Microelectrodes
--------------------------------

The pH microelectrodes were prepared largely as described previously ([@bib20]; [@bib11]). In brief, for measurements in bath solution, borosilicate glass electrodes (1.2 mm) without filament (WPI) were pulled to yield tip diameters of 2--4 μm. Electrodes for intrapipette measurements were manufactured from flexible quartz capillary tubing (PolymicroTechnologies) and pulled on a custom devise using an acetylene flame. When the tip diameters were \<2 μm, tips were beveled on a soft glass bead on the patch pipette microforge to give diameters of ∼3 μm. Electrode tips were dipped briefly in Sigmacote (Sigma-Aldrich), and excess liquid was blown out by a syringe connected to the electrode through a polyethylene tube. The electrode was exposed to a stream of hot air for ∼10 s, back-filled with 100 mM KCl (pH 7.0 with 10 mM HEPES), and finally dipped in hydrogen ionophore I cocktail B (Fluka) until column lengths were 100--200 μm. Average electrode responses were 58 mV per pH unit from pH 6.0 to 8.

Recording Chamber and the Patch Pipette Oscillation
---------------------------------------------------

The methods and diffusion models used were described previously ([@bib20]; [@bib11]). In brief, extrapipette pH microelectrodes were mounted with sticky wax in a 1.3-mm wide slit of a temperature-controlled recording chamber. A fine chlorinated silver wire was then inserted into the back-filled electrolyte solution and connected to the probe of a high input resistance (10^15^ Ohms) electrometer (WPI). After obtaining the whole cell patch clamp configuration, the microscope stage was moved to a position with the cell in front of the ion-selective microelectrode (∼5--10 μm). The patch pipette was then moved manually, either laterally or longitudinally, between two positions (usually 50 μm), far apart enough to detect the ion gradient. Pipette perfusion was performed as described previously ([@bib13]) with perfusion capillaries placed 50--150 μm from the patch pipette tip. Individual experiments are representative of at least four experiments. All experiments were performed at 34--36°C.

Solutions (in mM)
-----------------

The following solutions were used in [Figs. 2--6](#fig2){ref-type="fig"}[](#fig3){ref-type="fig"}[](#fig4){ref-type="fig"}[](#fig5){ref-type="fig"}[](#fig6){ref-type="fig"}: bath solution: 0--140 NaCl, 2 CaCl~2~, 1 MgCl~2~, 0.1 Tris, pH 8.2; pipette solution: 60 KOH, 30 l-aspartate acid, 10 KCl, 1 EGTA, 0.5 MgCl~2~, 10 MgATP, and 50 Mes, pH 6.0, 50 Pipes, pH 6.8, 50 Mops, pH 7.2, or 50 HEPES, pH 7.6 (7.6).

In [Fig. 7](#fig7){ref-type="fig"}: bath solution: 20 NaCl (Na~o~ = 20) or 140 NaCl (Na~o~ = 140), 2 CaCl~2~, 1 MgCl~2~, 0.1 Mops, pH 7.2, 0.1 HEPES, pH 7.6, 0.1 Tris, pH 8.2; pipette solution: 60 KOH, 30 l-aspartate acid, 10 KCl, 1 EGTA, 0.5 MgCl~2~, 10 MgATP, 50 Pipes pH 6.8.

In [Fig. 8](#fig8){ref-type="fig"}: bath solution: 140 KCl, 2 CaCl~2~, 1 MgCl~2~, 0.1 Mes, pH 6.5, 0.1 Mops, pH 7.2, 0.1 HEPES, pH 7.6, 0.1 Tris, pH 8.2, 0.1 CAPSO, pH 9.0; pipette solution: 70 NaOH (Na~i~ = 70) or 10 NaOH and 60 KOH (Na~i~ = 10), 30 l-aspartate acid, 10 KCl, 1 EGTA, 0.5 MgCl~2~, 10 MgATP, 50 HEPES, pH 7.6 (7.6).

Determination of Proton Fluxes
------------------------------

The calculation of ion fluxes from ion gradients was described previously ([@bib20]; [@bib11]). All calculations including a proton buffer assumed an instantaneous equilibrium with the proton buffers used:$$\documentclass[10pt]{article}
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\begin{equation*}H=[({\mathrm{{\alpha}}}^{2}+4{\cdot}K_{D}{\cdot}P_{T})^{0.5}-{\mathrm{{\alpha}}}]/2,\end{equation*}\end{document}$$where *K~D~* is the dissociation constant of the proton buffer, *B~T~* is the total buffer concentration, and *P~T~* is the total proton concentration (i.e., initial proton concentration plus the concentration change resulting from proton flux across the membrane).

For whole cell recording, we approximate the cell shape as a sphere. The flux (*J~H~*) can then be estimated from the free H concentration difference between the cell surface and the bulk solution (*ΔH*), the H and buffer diffusion coefficients (*D~H~* and *D~B~*), the total buffer concentration (*B~T~*), and the *K~D~* of the buffer. For a spherical cell,$$\documentclass[10pt]{article}
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Here, *r* is the cell radius, and *ΔB~H~/ΔH* is the steady-state concentration change of bound protons for a small change of free H:$$\documentclass[10pt]{article}
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The flux carried by free H is negligible in most experiments. As in previous studies, we relate our results on H fluxes to electrophysiological flux units by calculating the current equivalents of the fluxes (i.e., *J~H~/Faraday*) in pA.

Simulation of the "Parallel Coupling Model"
-------------------------------------------

As described in the Introduction, the central assumption of the parallel coupling model is that NHE monomers can function either as independent monomers or can become coupled such that the two monomers bind and transport two Na ions or two H ions simultaneously. In the simulations presented it is assumed that transitions between Mode 1 and Mode 2 are controlled by cytoplasmic proton binding regulatory sites. Specifically, the transition from Mode 2 to Mode 1 requires the binding of two protons at regulatory sites. In short, NHE1 functions as a dimer at alkaline cytoplasmic pH and as a monomer at low cytoplasmic pH. To simulate the model with the least possible assumptions, binding sites are assumed to have the same affinities in Mode 1 and Mode 2.

The simulation proceeds by calculating the fractions of binding sites occupied by ions from the four respective ion concentrations and dissociation constants for cytoplasmic and extracellular binding sites (Kno, 34.0 mM; Khi, 0.054 μM; Kni, 102 mM ; Kho, 0.0183 μM) with microscopic reversibility given by the relationship *Kno · Khi = Kni · Kho* and the assumption that all translocation rates are equal. We mention in this connection that there is no data available to our knowledge on the real dissociation constants of ions for mammalian NHEs.

In Mode 2, the fractions of transporter populations with two ions bound are the square of the fractional occupancy for a monomer.$$\documentclass[10pt]{article}
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\begin{equation*}Fho=(H_{o}/Kho)/(1+Na_{o}/Kno+H_{o}/Kho)\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}Fhi=(H_{i}/Khi)/(1+Na_{i}/Kni+H_{i}/Khi)\end{equation*}\end{document}$$

Next, the fractions of transporters with binding sites open to the cytoplasmic (E1) and extracellular side (E2) are calculated for each mode, assuming that monomers function independently in Mode 1:$$\documentclass[10pt]{article}
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\begin{equation*}E2_{Mode1}=(Fni+Fhi)/(Fni+Fhi+Fno+Fho)\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}E1_{Mode1}=1-E2A\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}E2_{Mode2}=(Fni^{2}+Fhi^{2})/(Fni^{2}+Fhi^{2}+Fno^{2}+Fho^{2})\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}E1_{Mode2}=1-E2B\end{equation*}\end{document}$$

The fraction of dimers in Mode 1 (*F~Mode1~*) is then calculated as a simple Hill function, assuming that the binding of two protons to regulatory sites determines the fraction of transporters in Mode 1.$$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}F_{Mode1}=Hi^{2}/(Hi^{2}+K_{switch}^{2}),\end{equation*}\end{document}$$

For the simulations presented, K~switch~ is 0.3 μM.

The overall ion translocation rate (*Rnhe*) is then calculated as the sum of translocation rates for the two modes using a translocation rate of 1,000 s^−1^ (*K~trans~*) for all transport reactions.$$\documentclass[10pt]{article}
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\begin{gather*}Rnhe=K_{trans}{\cdot}(1-F_{Mode1}){\cdot}(E2_{Mode2}{\cdot}Fno^{2}-E1_{Mode2}{\cdot}Fni^{2}) 
\\
+K_{trans}{\cdot}F_{Mode1}{\cdot}(E2_{Mode1}{\cdot}Fno-E1_{Mode1}{\cdot}Fni).\end{gather*}\end{document}$$

Simulation of the "Serial Coupling Model"
-----------------------------------------

Each of two homologous monomers is assumed to bind two ions, either Na ions (*Na*) or protons (*H*), in random sequential order. From the extracellular side, the first and second ions bind with the same dissociation constants, 35 mM for Na and 15 nM for protons (K~Na~ and K~H~):$$\documentclass[10pt]{article}
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\begin{gather*}D_{out}=1+(Na_{o}/K_{N})/(1+Na_{o}/K_{N}+H_{o}/K_{H}) 
\\
+(H_{o}/K_{H})/(1+H_{o}/K_{H}+Na_{o}/K_{N})\end{gather*}\end{document}$$$$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}F_{nno}=Na_{o}^{2}/K_{N}^{2}/D_{out}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}F_{hho}=H_{o}^{2}/K_{H}^{2}/D_{out}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}F_{nho}=(Na_{o}{\cdot}H_{o})/(K_{N}{\cdot}K_{H})/D_{out}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}F_{hno}=(Na_{o}{\cdot}H_{o})/(K_{H}{\cdot}K_{N})/D_{out},\end{equation*}\end{document}$$where *D~out~* is a temporary variable, and *F~nno~*, *F~hho~*, *F~nho~*, and *F~hno~* are the fractions of binding sites with two Na bound, two H bound, one Na followed by one H, and one H followed by one Na, respectively. To account for the entire dataset, we assume that ion binding from the cytoplasmic side occurs with an asymmetry with respect to the extracellular side, namely that binding of the first Na ion or proton takes place with an affinity that is a factor of 100, *F~in~*, lower than at the extracellular side.$$\documentclass[10pt]{article}
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\begin{gather*}D_{in}=1+[Na_{i}/(K_{N}{\cdot}F_{in})]{\cdot}(1+Na_{i}/K_{N}+H_{i}/K_{H}) 
\\
+[H_{i}/(K_{H}{\cdot}F_{in})]{\cdot}(1+H_{i}/K_{H}+Na_{i}/K_{N})\end{gather*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}F_{nni}=Na_{i}^{2}/(K_{N}^{2}{\cdot}F_{in})/D_{in}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}F_{hho}=H_{i}^{2}/(K_{H}^{2}{\cdot}F_{in})/D_{in}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}F_{nho}=(Na_{i}{\cdot}H_{i})/(K_{N}{\cdot}F_{in}\hspace{.167em}K_{H})/D_{in}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}F_{hno}=(Na_{i}{\cdot}H_{i})/(K_{H}{\cdot}F_{in}{\cdot}K_{N})/D_{in},\end{equation*}\end{document}$$where D~in~ is a temporary variable, and *F~nni~*, *F~hhi~*, *F~nhi~*, and *F~hni~* are fractions of binding sites with two Na bound, two H bound, one Na followed by one H, and one H followed by one Na, respectively.

As shown in [Fig. 1 B](#fig1){ref-type="fig"}, the minimum model is a three-state model. The coupled function between monomers arises from the assumption that the dimer configuration, with ion binding sites open to opposite membrane sides (*E~3~*), is stabilized versus configurations with both binding sites open to the cytoplasmic (*E~1~*) or the extracellular sides (*E~2~*). Therefore, the intrinsic rate constants that open binding sites to the double-open configurations, i.e., to *E~1~* and *E~2~* from *E~3~*, are low (*K~xw~*, 300 s^−1^) with respect to the opposing reactions to the *E~3~* state from *E~1~* and *E~2~* states (*K~wx~*, 30,000 s^−1^). A second asymmetry that allows more accurate simulations is that the reactions opening binding sites to the cytoplasmic side (*E~2~* to *E~3~*, and *E~3~* to *E~1~*) occur more rapidly by a factor of five (*F~kin~*) than the opposing reactions that open binding sites to the extracellular side (*E~1~* to *E~3~*, and *E~3~* to *E~2~*). We mention that the asymmetries introduced are entirely consistent with the principle of microscopic reversibility. The calculation of model states and ion fluxes proceeds as follows:$$\documentclass[10pt]{article}
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\begin{equation*}R_{32}=(F_{nni}+F_{hhi}+F_{nhi}+F_{hni}){\cdot}K_{xw}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}R_{23}=(F_{nno}+F_{hho}+F_{nho}+F_{hno}){\cdot}K_{wx}{\cdot}F_{kin}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}R_{31}=(F_{nno}+F_{hho}+F_{nho}+F_{hno}){\cdot}K_{xw}{\cdot}F_{kin}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}R_{13}=(F_{nni}+F_{hhi}+F_{nhi}+F_{hni}){\cdot}K_{wx}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{equation*}D=R_{21}{\cdot}R_{31}+R_{31}{\cdot}R_{12}+R_{21}{\cdot}R_{13}\end{equation*}\end{document}$$$$\documentclass[10pt]{article}
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\begin{gather*}R_{H}=K_{wx}{\cdot}[E_{2}{\cdot}(2{\cdot}F_{hho}+F_{nho}+F_{hno}) 
\\
{\cdot}F_{kin}-E_{1}{\cdot}(2{\cdot}F_{hhi}+F_{nhi}+F_{hni})] 
\\
+E_{3}{\cdot}K_{xw}{\cdot}[(2{\cdot}F_{hho}+F_{nho}+F_{hno}) 
\\
{\cdot}F_{kin}-(2{\cdot}F_{hhi}+F_{nhi}+F_{hni})],\end{gather*}\end{document}$$where rates of the individual translocation reactions are subscripted *R* variables, *D* is temporary, and *F~Na~* and *R~H~* are the single dimer transport rates for Na and H, respectively, from the extracellular to the cytoplasmic side.

Chemicals
---------

All chemicals were from Sigma-Aldrich and were the highest grade available.

Online Supplemental Material
----------------------------

A Supplemental material section describes our efforts to monitor and quantify proton fluxes in giant excised patches and to define NHE activities in excised patches. The data documents that significant complexities of the excised patch configuration hinder accurate determination of proton fluxes and that NHE activity is in some ways disrupted by formation of gigaseals, probably as a result of mechanical deformation of the membrane. The online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.200810016/DC1>.

RESULTS
=======

Extracellular Na and Cytoplasmic H Dependencies of NHE1 Activity under Near Zero-trans Conditions
-------------------------------------------------------------------------------------------------

One of the most powerful mechanistic analyses of transporter function is to determine how the concentration of a solute on one membrane side affects the solute concentration dependence on the other side ([@bib25]). To our knowledge, this analysis has not been performed in detail for mammalian NHEs. Therefore, we performed the relevant studies for both forward and reverse exchange operation. [Fig. 2](#fig2){ref-type="fig"} shows data from a typical experiment to determine the extracellular Na dependence of NHE1 activity in the "forward" proton-out/Na-in mode. Cytoplasmic solutions were heavily buffered, here to pH 6.0, and contained no Na. In random order, the proton gradient next to the cell was determined at different Na concentrations by oscillating the cell up to and away from the ion-selective electrode. Here, the solutions contained 0, 5, 10, 20, 40, and 140 mM Na. As described previously ([@bib11]), we found that the NHE activity was stable for up to 40 min. From multiple results for each ionic condition, we determined the average ion-selective electrode response. Then, we calculated the average proton gradient and proton flux, as described in Materials and methods, assuming that the cell was spherical. In the initial work, we determined proton gradients multiple times with the same Na concentration, rather than attempt to determine the Na dependence at multiple cytoplasmic pH values in the same cell.

![Cartoons of two models of NHE1 function as a "coupled dimer" that can carry out 2Na/2H exchange. A "parallel" model is shown in A and a "serial" model is shown in B. The upper cartoons in each panel show the assumed ion translocation reactions, whereby binding of either Na ions or protons enables the same translocation reactions of both ions with the same rates. The lower cartoons show the relevant ion binding schemes, whereby Na ions and protons bind competitively to one or two sites. (A) Parallel model. In this model, it is assumed that monomers carry out Na/H exchange activity independently at low cytoplasmic pH (Mode 1). As cytoplasmic pH rises, proton dissociation from regulatory sites favors the development of an interaction between monomers, such that they become coupled to translocate two ions in a parallel or symport fashion (Mode 2). The ion binding scheme is a simple competition of Na and protons for a single site. (B) Serial model. Each monomer of the dimer can bind two substrates, and ion translocation requires occupation of both sites. Each monomer can translocate ions and allows them to dissociate on the opposite membrane side, but the rates of translocation (Kxw and Kwx) are higher when binding sites of both monomers are open to one membrane side (E1 and E2), Thus, transport reactions become coupled in a serial fashion: Translocation of two ions in one direction promotes the translocation of two ions in the opposite direction. The ion binding scheme for each monomer assumes that two protons or Na ions can bind in random order and that all configurations with two ions bound can undergo conformational changes that allow ion dissociation on the opposite membrane side.](jgp1320465f01){#fig1}

![Detection of NHE1-induced proton fluxes by oscillating an extracellular pH microelectrode. (A) The cell is held in whole cell configuration with its edge 5 μm from the tip of a pH microelectrode, and it is manually oscillated laterally by 50 μm to detect pH gradients. Both bath and pipette solution can be changed rapidly, the latter by the intra-pipette perfusion technique (see Materials and methods). (B) Example of a recording set for NHE1 transport activity in a single CHO cell using different bath sodium concentrations at fixed extracellular (8.2) and intracellular pH (6.0). Black bars mark time points when the cell was moved away from the pH microelectrode.](jgp1320465f02){#fig2}

[Fig. 3](#fig3){ref-type="fig"} shows our initial data from 25 experiments in which extracellular Na was varied with cytoplasmic pH set to 6.0, 6.8, 7.2, and 7.6. Averaged data from each cell, with 6--10 measurements per point, is presented with the best fit to a Hill equation. As highlighted by examples in the insets, the extracellular Na dependence shows strikingly different profiles at different cytoplasmic pH values. At low cytoplasmic pH, the Hill coefficients are \<1, and the Na dependence often appears to contain high and low affinity components. In contrast, the extracellular Na dependence has a pronounced "sigmoidicity" at a cytoplasmic pH of 7.2 with Hill coefficients of ∼2. Both of these complexities were confirmed when solutions were applied in different orders and when other cell lines were used, as described later.

![The extracellular Na dependence of proton flux mediated by NHE1 in 25 CHO cells with a cytoplasmic pH of 6.0 (eight cells), 6.8 (five cells), 7.2 (six cells), and 7.6 (six cells). Data points in each experiment represent the average of 5--20 flux determinations. The lines connect the calculated values from the best fits of data points to Hill equations. The insets illustrate the two strikingly different wave forms obtained at pH 6.0 and 7.2 with the corresponding best fits to Hill equations. At pH 6.0, the extracellular Na dependence often appeared biphasic, showing an apparent high affinity component, such that the overall Hill slope \<1. At pH 7.2, the extracellular Na concentration dependence of proton flux showed cooperativity with Hill slopes of ∼2. Composite data shown in [Fig. 4 C](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} document the significance of these differences.](jgp1320465f03){#fig3}

[Fig. 4 (A and B)](#fig4){ref-type="fig"} shows the averaged data from the experiments of [Fig. 3](#fig3){ref-type="fig"}. [Fig. 4 A](#fig4){ref-type="fig"} shows the Na dependence at the different cytoplasmic pH values, together with the standard errors, and [Fig. 4 B](#fig4){ref-type="fig"} shows the cytoplasmic proton concentration dependence in a linear plot at the different extracellular Na concentrations examined. It is striking in these experiments that NHE1 can be highly active at neutral cytoplasmic pH. In fact, the average fluxes at 20 and 40 mM Na are larger at pH 7.2 than at 6.8, and the difference of the pooled data (namely a larger flux at pH 7.2 vs. 6.8) for the two Na concentrations is significant (P \< 0.05). As considered in detail below in the Discussion, this outcome is different from almost all datasets up to now on NHE1 (e.g., [@bib45], [@bib47]; [@bib22]). Here, we point out simply that three experimental factors may contribute. First, the cytoplasmic solution is Na free in our experiments. Second, the cytoplasmic pH is heavily buffered with exogenous pH buffers. And third, the cells are voltage clamped through a large pipette tip that allows all small molecules, including soluble proteins, to diffuse out of cells.

![Extracellular Na and cytoplasmic proton dependence of NHE1 in voltage-clamped CHO cells. (A) Composite data from [Fig. 3](#fig3){ref-type="fig"} plotted with standard errors. (B) Average proton fluxes at different Na concentrations plotted in dependence on the cytoplasmic free proton concentration. Lines in the plot represent the best fit of data to a Michaelis-Menton relation. (C) Parameters of the Hill equations fitted to the individual records in [Fig. 3](#fig3){ref-type="fig"}. Top plot, Hill coefficients; middle plot, half maximal extracellular Na concentrations; bottom plot, maximal proton fluxes. The open circle gives the Hill coefficient for the maximal fluxes extrapolated in B for the different Na concentration (i.e., the bottom plot in D). (D) Extracellular Na dependence of parameters from the Michaelis-Menton fits given in B. Top plot, half-maximal cytoplasmic proton concentration determined for different extracellular Na concentrations; bottom plot, extrapolated maximal proton fluxes.](jgp1320465f04){#fig4}

The data points for Na dependence are simply connected by lines in [Fig. 4 A](#fig4){ref-type="fig"} because Hill equation fits were given in [Fig. 3](#fig3){ref-type="fig"}. In [Fig. 4 B](#fig4){ref-type="fig"}, the composite data points for the proton concentration--flux relations are given with the best fits to a simple hyperbolic function, and it is clear that the proton--flux relations cannot be described well with any simple function. Nevertheless, it is striking that the midrange of the proton dependencies shifts strongly to a lower concentration range as the extracellular Na concentration is increased. With 140 mM Na, for example, the proton flux is nearly maximal with 0.1 μM free protons on the cytoplasmic side, a concentration at which the flux with 5 mM Na reaches only 20% of the projected maximum with a high proton concentration. This behavior is opposite to that expected for a simple consecutive transport model ([@bib25]).

From the Hill fits for Na--flux relations presented in [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4 C](#fig4){ref-type="fig"} shows the cytoplasmic pH dependence of the slopes, the K~1/2~\'s for extracellular Na, and the extrapolated maximal proton fluxes (i.e., the maxima of the Hill fits). As cytoplasmic pH is decreased from 7.6 to 7.2, the Hill coefficients determined for Na--flux relations ([Fig. 4 C](#fig4){ref-type="fig"}, top plot) increase from 1.45 to 1.86. With further decreases of pH to 6.8 and 6.0, the coefficients then decrease from 1.86 to 1.40 and 0.89. As described subsequently, the Hill coefficient for the Na dependence of maximal proton fluxes from [Fig. 4 B](#fig4){ref-type="fig"} is still smaller, namely 0.62 (open circle in the middle plot). The extrapolated maximal fluxes from the Na dependencies, shown in the bottom plot in [Fig. 4 C](#fig4){ref-type="fig"}, give a Hill coefficient of 1.42 with half-maximal activity occurring at a cytoplasmic pH of 7.33. The middle plot in [Fig. 4 C](#fig4){ref-type="fig"} shows the K~1/2~\'s for extracellular Na in dependence on cytoplasmic pH. First, we note that the variability of the K~1/2~\'s at pH 6.0 is large. This stems from the fact that concentration--flux relations are rather shallow with 140 mM Na and therefore that determination of half-maximal concentrations becomes inaccurate. However, the K~1/2~ decreases significantly as the free proton concentration is decreased from pH 6.8 to 7.2, and the standard errors of the curve fitting are much smaller. Between pH 7.2 and 7.8, the K~1/2~ values do not decrease further. Thus, although the direction of shifts is expected from simple consecutive transporter models, the shifts are substantially smaller than expected.

From the Michaelis-Menton fits of proton--flux relations, shown in [Fig. 4 B](#fig4){ref-type="fig"}, [Fig. 4 D](#fig4){ref-type="fig"} shows the Na dependence of the K~1/2~\'s for protons and the extrapolated maximal proton fluxes. We suspect that the large decrease of apparent proton affinity between 10 and 5 mM of extracellular Na is exaggerated because the data, especially at 10 mM Na, do not follow well a hyperbolic function. The extrapolated maximal proton fluxes with respect to Na are shown in the bottom plot in [Fig. 4 D](#fig4){ref-type="fig"}. The maximal fluxes at 5 and 10 mM Na are only a little different, and the fit of this data to a Hill equation, given as a line, gives a slope coefficient of 0.62 ([Fig. 4 C](#fig4){ref-type="fig"}, open circle in the plot of Hill coefficients). Notably, the waveform of this concentration--activity relation is similar to that for single experiments at a cytoplasmic pH of 6.0 (see [Fig. 3](#fig3){ref-type="fig"}), although the method of deriving the Na dependence was very different.

OK Cells and Mouse Skin Fibroblasts from *Wild-type* and NHE1 *Knockout* Animals
--------------------------------------------------------------------------------

To test whether the patterns described in [Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} are relevant to other NHE isoforms, we performed the same protocols with the same solutions using the OK cell line that only expresses the NHE3 isoform on the plasma membrane ([@bib11]). [Fig. 5 A](#fig5){ref-type="fig"} shows the average proton fluxes determined in OK cells at a cytoplasmic pH of 6.0 (left; *n* = 4) and 7.2 (right; *n* = 3). All results were fit to Hill equations, and the parameters obtained by the least-squares fitting routine show very similar shape changes to those determined in CHO cells. At a cytoplasmic pH of 6.0, the average Hill slopes were significantly \<1 (P \< 0.01), namely 0.78. At a cytoplasmic pH of 7.2, the average Hill slopes were 1.82 (P \< 0.02). As in CHO cells, the half-maximal extracellular Na concentration decreased with decreased cytoplasmic proton concentration (131 vs. 76 mM at pH 6.0 vs. pH 7.2; P = 0.05). From these results, we conclude that the changes described in [Fig. 3](#fig3){ref-type="fig"} may be a general property of mammalian NHE function.

![Extracellular Na dependence for native NHE3 in OK cells and native NHE1 in mouse NHE1 wild-type skin fibroblasts. (A) Extracellular Na dependence of native NHE3-induced proton fluxes at intracellular pH (pH~i~) 6.0 (left) and 7.2 (right) in OK cells. Note biphasic shape of Na dependence of NHE3 transport at pH~i~ 6.0 and sigmoidal shape at pH~i~ 7.2, similar to that observed for NHE1 in CHO cells (see [Fig. 4](#fig4){ref-type="fig"}) and NHE1 wild-type mouse skin fibroblasts (see below). (B) Extracellular Na dependence of native NHE1-induced proton fluxes at intracellular pH (pH~i~) 6.0 (left) and 7.2 (right) in wild-type NHE1 mouse skin fibroblasts. Note biphasic shape of Na dependence of NHE1 transport at pH~i~ 6.0 and sigmoidal shape at pH~i~ 7.2. Magnitude of Na-induced proton fluxes and extracellular Na dependence are very similar to CHO cells, which express natively NHE1 on the plasma membrane (see [Fig. 4](#fig4){ref-type="fig"}). No proton fluxes were detected in NHE1 knockout mouse fibroblasts or in CHO-derived AP-1 cells, which are devoid of plasmalemmal NHE1 (not depicted).](jgp1320465f05){#fig5}

Next, we used an immortalized skin fibroblast cell line from NHE1 *knockout* mice to test whether pH gradients arise exclusively from NHE1 activity in a relevant cell type. In five experiments, no pH gradients were found in *knockout* fibroblasts under these conditions. We then used the equivalent *wild-type* mouse skin fibroblast line to verify that the patterns described in [Fig. 3](#fig3){ref-type="fig"} indeed can be specifically ascribed to NHE1. [Fig. 5 B](#fig5){ref-type="fig"} shows the equivalent results for wild-type--immortalized skin fibroblasts. The average Hill slope was 1.2 at a cytoplasmic pH of 6.0 versus 1.8 at a pH of 7.2 (P \< 0.02). Thus, the general principle of cooperative behavior at alkaline cytoplasmic pH is verified. Notably, the half-maximal Na concentration was 12.1 mM at pH 6.0 versus 14.6 at pH 7.2. Thus, the apparent affinity for Na is substantially higher in these skin fibroblasts than in CHO fibroblasts.

Cytoplasmic pH Dependence of Forward Transport with Physiological Extracellular Na
----------------------------------------------------------------------------------

[Fig. 6](#fig6){ref-type="fig"} presents the cytoplasmic pH dependencies of NHE1 activity at 140 mM Na from two types of experiments. Open circles give the cytoplasmic pH dependence of proton fluxes with 140 mM of extracellular Na from the dataset just described, comparing average proton fluxes from different cells. The half-maximal activity occurs at a pH of 7.62, and the Hill coefficient is 1.61. Filled circles in [Fig. 6](#fig6){ref-type="fig"} give the average of normalized fluxes from another set of experiments (*n* = 4) in which the cytoplasmic pH was varied by pipette perfusion at a constant extracellular Na concentration (140 mM). The fluxes are half-maximal at pH 6.9, and the average Hill coefficient is 1.40. Although the half-maximal pH is 0.4 units lower than for the composite data, it is still substantially higher than determined in most previous studies ([@bib45], [@bib47]; [@bib22]).

![Cytoplasmic Na dependence of NHE1 proton flux with 140 mM of extracellular Na, nominally no cytoplasmic Na, and with an extracellular pH of 8.2. Filled circles show average data from four individual experiments where pH~i~ was changed serially in the same cell via pipette perfusion (for details see Materials and methods). Open circles show data for 140 mM of extracellular Na obtained in the experiments presented in [Fig. 3](#fig3){ref-type="fig"}. The best Hill equation fit to all data points in the figure is given as a solid line.](jgp1320465f06){#fig6}

Extracellular pH Dependence of Forward Transport
------------------------------------------------

In the experiments just described, a relatively alkaline extracellular pH of 8.2 was used to establish nearly zero-trans transport conditions. Therefore, we examined next the extracellular pH dependence of NHE activity in CHO cells at different extracellular Na concentrations (140 and 20 mM). Results are shown in [Fig. 7](#fig7){ref-type="fig"} for a cytoplasmic pH of 6.8. At 140 mM of extracellular Na, extracellular acidification from pH 8.2 to 7.2 results in a 24% decrease of exchange activity. With 20 mM of extracellular Na, exchange activity is ∼15% of activity with 140 mM, and acidification from pH 8.2 to 7.2 inhibits ∼80% of the proton flux. Thus, acidification of the extracellular medium to a pH of 8.2 to 7.2 has only a modest effect on exchange activity with normal (140 mM) extracellular Na, but the inhibition is relatively much larger when the Na concentration is submaximal, as expected for a competitive behavior of Na and H binding sites.

![Dependence of forward-mode NHE1 proton flux on extracellular pH with 140 and 20 mM of extracellular Na with a cytoplasmic pH of 6.8 and with nominally 0 mM of cytoplasmic Na (*n* = 4).](jgp1320465f07){#fig7}

Extracellular pH Dependence of Reverse Transport
------------------------------------------------

As described previously ([@bib11]), we detect robust reverse NHE1 activity when the cytoplasmic Na is increased to ∼20 mM. Somewhat surprisingly, compared with previous work ([@bib47]), the activity remains robust in our hands with a quite alkaline cytoplasmic pH of 7.6. [Fig. 8](#fig8){ref-type="fig"} presents the extracellular pH dependence of the reverse transport using multiple pH buffers to set the extracellular pH to values from 7.5 to 9.0 (see Materials and methods). With 70 mM cytoplasmic Na, the half-maximal flux occurs at an extracellular pH of 7.84, and the Hill coefficient is 0.74. With 10 mM cytoplasmic Na, the half-maximal flux occurs at an extracellular pH of 8.1, and the Hill coefficient is 0.78, whereby the maximal proton flux is decreased by 81% (i.e., fivefold).

![Dependence of reverse-mode NHE1 proton flux on extracellular pH with 70 and 10 mM of cytoplasmic Na, a cytoplasmic pH of 7.6 and nominally no extracellular Na~o~ (*n* = 4).](jgp1320465f08){#fig8}

Description of Dataset by Two Functional Dimer Models
-----------------------------------------------------

[Figs. 9--12](#fig9){ref-type="fig"}[](#fig10){ref-type="fig"}[](#fig11){ref-type="fig"}[](#fig12){ref-type="fig"} describe the function of the dimer models, introduced in [Fig. 1](#fig1){ref-type="fig"} and in Materials and methods, in relation to the experimental data. Regarding model parameters, transport rates were selected so that maximal proton fluxes per dimer are consistent with estimates from the literature of a maximal NHE turnover of 2,000 per second ([@bib9]). For both models, it was essential to assume that Na and H affinities could be significantly different for binding sites open to the cytoplasmic or the extracellular side. For the parallel model, it was essential to assume that transitions between Mode 1 and Mode 2 are long-lived compared with the ion translocation reactions. In the parallel model presented here, it is simply assumed that the fraction of transporters operating in Mode 1 is given by a Hill equation with a slope of 2 and a K~1/2~ of 0.3 μM.

![Simulations of forward transport by a single NHE1 dimer using the parallel (A) and serial (B) coupling models. The top panels give the simulated extracellular Na dependence of NHE activity at cytoplasmic pH values of 6.0, 6.8, 7.2, and 7.6. Data points are from the insets in [Fig. 3](#fig3){ref-type="fig"}. Bottom panels give the simulated cytoplasmic pH dependencies of NHE activity at extracellular Na concentrations of 140, 40, 20, 10, and 5 mM. Data points are replotted from the linear proton concentration plot in [Fig. 4 B](#fig4){ref-type="fig"} and scaled to the simulations. For the parallel model in A, the contributions of Mode 1 and Mode 2 to total proton transport are given.](jgp1320465f09){#fig9}

For the serial model, the ratio of the rates, *Kwx* to *Kxw*, must be at least 50 to roughly reproduce the shapes of the extracellular Na--activity relations described in [Fig. 3](#fig3){ref-type="fig"}. A factor of 100 was used in the simulations to be presented. This ratio generates an Na dependence of the fully activated exchangers (i.e. with a cytoplasmic pH of 6.0) that is nearly Michaelis-Mention in shape. A larger asymmetry is required to generate a more biphasic Na--flux relation, as pointed out later. The asymmetry of reactions opening binding sites to the cytoplasmic side (*Fkin*) must be at least three to reproduce a higher apparent extracellular versus cytoplasmic proton affinity (see [Figs. 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}), as well as some other details outlined subsequently. A factor of five was used in the simulations presented. The ion affinities were selected to reproduce reasonably, by eye, the concentration dependencies determined in the experiments. Also, the experimental datasets presented with the simulations were scaled to the simulated NHE1 function by eye.

[Fig. 9](#fig9){ref-type="fig"} shows extracellular ion dependencies of forward exchange (*Rnhe*) in relation to experimental results from [Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}. The simulated Na concentration--activity relations for the two models (top panels) were fit by a least-squares method to Hill equations, and slopes at pH 6.0 and 7.6 were 0.8 and 1.7 for the parallel model and 1.0 and 1.5 for the serial model, respectively. Thus, the cooperativity of the serial model with respect to Na at pH 7.6 is somewhat less strong than determined experimentally, even though transport occurs with strict 2:2 stoichiometry. Maximal transport activities are roughly threefold greater at pH 6.0 versus 7.6 in both simulations and data, and simulated Na--activity relations at pH 6.0 show small high affinity phases in the range of 0--3 mM Na. The simulated Na concentration--flux relations reproduce reasonably shape changes that occur with variation of cytoplasmic pH on the basis of composite data. As shown in the bottom panel of [Fig. 9](#fig9){ref-type="fig"}, the parallel model generates biphasic concentration--flux relations that reproduce broadly the experimental data. To illustrate how this comes about, the relative contributions of Mode 1 and Mode 2 transport operation are shown in color. Mode 2 is responsible for exchange at high cytoplasmic pH, and the transporter shifts to Mode 1 as the cytoplasm is acidified beyond pH 7.0. The serial model, in contrast, generates a monophasic concentration--flux relationship with the chosen simulation parameters, whereby the overall cytoplasmic pH dependencies of transporter turnover reproduce the global shape of the data with respect to cytoplasmic pH. At low cytoplasmic pH, Hill slopes determined from simulated data are consistent with slopes determined experimentally in [Figs. 4 C](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, namely 1.4 to 1.6.

[Fig. 10](#fig10){ref-type="fig"} shows predictions of the models for reverse transport, whereby no critical differences arise between the two models. The predicted extracellular pH dependencies of reverse transport are shown in the top panels with the respective data for cytoplasmic Na concentrations of 140 and 10 mM. The predicted pH--activity relations are steeper than the data. The half-maximal extracellular pH values in simulations are ∼7.7 with 140 mM cytoplasmic Na, which fits well with the data. We did not determine in detail the Na dependence of reverse transport on cytoplasmic Na, but it is evident that the transport activities predicted by the models underestimate by ∼30% the relative reverse exchange activity determined experimentally with 10 mM of cytoplasmic Na. In other words, the apparent cytoplasmic Na affinity is somewhat too low to accurately predict the data. The bottom panels of [Fig. 10](#fig10){ref-type="fig"} show the predicted cytoplasmic Na dependence of reverse transport at extracellular pH values of 6.0 and 8.2. In contrast to the Na--activity relations for maximal forward transport, the reverse transport activity shows cooperative activation by cytoplasmic Na at all pH values on the trans side. As noted in the Introduction, this pattern was described in a previous study ([@bib12]), and results from that study are scaled to the simulations together with a Hill equation with a slope of 2. As with the forward mode, the Hill coefficients that would be derived from our simulations (1.8--1.9) are somewhat smaller than the coefficient determined from the experimental data.

![Simulations of reverse mode activity for the parallel (A) and serial (B) exchange models. Simulated extracellular pH dependence of NHE activity at cytoplasmic Na concentrations of 140 and 10 mM are given in the top panels with data points replotted from [Fig. 8](#fig8){ref-type="fig"} and scaled to the simulations. Simulated cytoplasmic Na dependence of reverse NHE activity at extracellular pH values of 6.0 and 8.2 are given in the bottom panels together with data points from [@bib12] for the cytoplasmic Na dependence of reverse NHE1 activity, fitted to a Hill equation with a slope coefficient of 2.](jgp1320465f10){#fig10}

In [Fig. 11](#fig11){ref-type="fig"} the predicted inhibition of forward transport by extracellular acidification is shown in the top panels, and inhibition by cytoplasmic Na is shown in the bottom panels in relation to our data and another relevant dataset from the literature ([@bib6]). These latter data are from a study of rat calvari cells (RCJ1.20), and a similar dataset is available from [@bib12]. Again, no critical differences between the two models are noteworthy. The simulated inhibition by extracellular acidification in both models describes well our data at 140 mM Na, given as open circles, as well as the equivalent inhibition curve from [@bib6] over an extended pH range. In addition, the simulations predict reasonably the wave form of inhibition at 20 mM of extracellular Na. The bottom panels of [Fig. 11](#fig11){ref-type="fig"} show the inhibition of forward transport predicted by the models for increasing cytoplasmic Na concentrations at different cytoplasmic pH values. The data points for 0 and 20 mM of cytoplasmic Na and a cytoplasmic pH of 6.8 are from our previous study in which cells were treated with pertussis toxin to block a strong Na-dependent regulatory mechanism ([@bib14]). As described in that article and by others ([@bib18]), a rise of cytoplasmic Na to just 10 mM can cause a long-term inhibition of NHE1 activity that can be prevented by pretreatment of cells with pertussis toxin. Obviously, the presence of a long-term regulatory process that depends on cytoplasmic Na compromises predictions of a simple model. Presumably, this phenomenon reflects the function of an Na-dependent G protein. Without further analysis, it seems reasonable to assume that the near lack of effect of 20 mM of cytoplasmic Na on forward transport in cells treated with pertussis toxin reflects the true Na dependence of the transport mechanism. The available data at a cytoplasmic pH of 6.8 are predicted well by the simulations.

![Simulations of the inhibition of forward transport by counter-transported ions on the "cis" membrane side for the parallel (A) and serial (B) exchange models. Simulated inhibition of forward transport with ion concentrations as in [Fig. 7](#fig7){ref-type="fig"} are given in the top panels, together with data points replotted from [Fig. 7](#fig7){ref-type="fig"}. Also scaled to the simulations are data from [@bib6] mentioned in the text. Bottom panels give the simulated inhibition of forward transport by cytoplasmic Na with 140 mM of extracellular Na, an extracellular pH of 8.2, and cytoplasmic pH values of 6.0, 6.8, 7.2, and 7.6. The data points are from experiments described previously for a cytoplasmic pH of 6.8 ([@bib14]).](jgp1320465f11){#fig11}

[Fig. 12](#fig12){ref-type="fig"} shows the predicted half-maximal extracellular Na and cytoplasmic proton concentrations predicted from the models for forward transport under the conditions shown in [Figs. 2--4](#fig2){ref-type="fig"}[](#fig3){ref-type="fig"}[](#fig4){ref-type="fig"}. In contrast to simple consecutive transport models, the half-maximal concentrations can shift in either direction as the counter ion concentration is varied on the trans membrane side. For extracellular Na ([Fig. 12 A](#fig12){ref-type="fig"}), the predicted half-maximal concentrations increase over the pH range of 8.0--7.0. For both models, the K~1/2~ then decreases somewhat at lower pH. Although the model predictions do not match the average data points well, the large magnitude of data scatter at pH 6.0 does not allow a clear conclusion as to whether contradictions are significant for evaluation of the models. As shown in [Fig. 12 B](#fig12){ref-type="fig"}, the predicted half-maximal cytoplasmic proton concentrations decrease as the extracellular Na concentration is increased in both models, as is the case for the experimental data. We point out that the shifts occurring in simulations are less than those determined experimentally, but the shifts are in qualitative agreement with the experimental data.

![Simulations of the cis--trans interactions of Na and H under near zero-trans conditions, as in [Figs. 3--5](#fig3){ref-type="fig"}[](#fig4){ref-type="fig"}[](#fig5){ref-type="fig"}. (A) The dependence of half-maximal extracellular Na concentration of NHE activity on cytoplasmic pH under the conditions shown in [Fig. 4](#fig4){ref-type="fig"} together with data points from [Fig. 4 C](#fig4){ref-type="fig"}. (B) The dependence of half-maximal cytoplasmic proton concentrations, based on fits of simulated data to Michaelis-Menton relations, on the extracellular Na concentration under the conditions of [Fig. 4](#fig4){ref-type="fig"} together with data points from [Fig. 4 D](#fig4){ref-type="fig"}.](jgp1320465f12){#fig12}

DISCUSSION
==========

We have characterized steady-state function of the ubiquitous Na/H exchanger, NHE1, using patch clamp to control the composition of the cytoplasm and oscillating extracellular pH electrodes to quantify proton fluxes from transport-induced pH gradients. Although these methods have not been used widely, they are well established and validated ([@bib40]; [@bib20]). We have analyzed our data in relation to two coupled dimer transport models that appear broadly consistent with our new data and data from the literature. In one model, coupling can occur when paired monomers are open to the same side, such that the two monomers subsequently carry out transport in a parallel fashion. In the second model, monomers operate with strict 2Na/2H stoichiometry, and translocation of two ions to one side favors the reverse translocation reaction by the paired monomer. In discussing this work, we point out first differences between our data and previous work on mammalian NHEs. Second, we discuss the specific transport data, and finally we discuss the transport models per se.

Discrepancies between This Study and Previous Studies
-----------------------------------------------------

[Fig. 13](#fig13){ref-type="fig"} summarizes discrepancies between the present and previous studies. In [Fig. 13 A](#fig13){ref-type="fig"}, the pH dependencies of forward transport are given as a percentage of maximal activity. Open symbols give the two relevant datasets from [Fig. 6](#fig6){ref-type="fig"}, and gray lines show the simulated pH dependence of forward transport for the serial model with 140 and 2 mM of extracellular Na. Results for the parallel model were only a little different. The simulation with 140 mM Na generates a Na--activity relation that falls roughly halfway between the two datasets. Most published values for the half-maximal transport activity under control conditions fall in a pH range of 6.8--6.5 with Hill slopes in the range of 1.6--3 ([Fig. 13](#fig13){ref-type="fig"}, dotted black lines). Still higher Hill slopes have sometimes been observed for activation by cytoplasmic protons, presumably reflecting proton regulatory sites that activate transporters as pH falls and/or exchangers are activated by cell signaling pathways ([@bib42]; [@bib45], [@bib47]). Our results are shifted by nearly one pH unit in the alkaline direction. For isotope flux studies that use very low Na concentrations, our simulations offer a partial explanation in that the apparent cytoplasmic proton affinity increases as extracellular Na is reduced.

![Summary of apparent discrepancies between this study and previous studies of NHE. (A) Symbols reiterate the cytoplasmic pH dependence obtained with 140 mM of extracellular Na from composite data using different cells (open squares) and from experiments in which the cytoplasmic pH was changed (open circles). Simulated results are given as gray lines for 140 and 2 mM of extracellular Na, whereby the fluxes are scaled and plotted as a percentage of maximum. Dotted lines give the range of "typical" pH--flux relations from the literature. (B) A simple Michaelis-Menton curve is given as pseudo-data points. The line that fits the data points is the sum of two Hill equations with slope coefficients of two, as given in the figure. (C) Data points give the maximal proton fluxes obtained from analysis of the cytoplasmic proton concentration dependence of forward NHE activity in [Fig. 4](#fig4){ref-type="fig"}. The curve describing the relation is the sum of two Hill equations with slope coefficients of two, as given in the figure.](jgp1320465f13){#fig13}

The second discrepancy concerns the extracellular Na dependence of exchange, whereby we observe both biphasic and steep extracellular Na dependence. For both models, the overall Na dependence of transport activity can be viewed as the composite function of two populations of transporters in different regulatory states, whereby the serial model readily reconstructs more details of the study. In [Fig. 13 B](#fig13){ref-type="fig"} we point out how well the sum of two cooperative reactions can account for apparently simple transport data. Plotted in [Fig. 13 B](#fig13){ref-type="fig"} is a rectangular hyperbola as 20 data points: Y = X/(X + 30). These points reproduce the typical extracellular Na dependence of NHE1 given in the literature, and the line in [Fig. 13 B](#fig13){ref-type="fig"} is the best fit of the data points to the sum of two Hill equations with slope coefficients of 2. One has a K~1/2~ of 7.24 mM, and one has a K~1/2~ of 47.6 mM. The sum of the functions approximates the function of the serial model, namely that two transporter species operate with 2:2 stoichiometry, but with different apparent affinities. To underscore this issue further, [Fig. 13 C](#fig13){ref-type="fig"} shows the Na concentration--flux relation determined in [Fig. 4 D](#fig4){ref-type="fig"} for the maximal (extrapolated) NHE activity with saturating cytoplasmic proton concentrations. To our knowledge, this relationship was never before predicted. The slope of the Hill equation fit to these data was 0.6. The line in [Fig. 13 C](#fig13){ref-type="fig"} is again the sum of two Hill equations, both with slopes of *2*, as roughly expected from the serial model. To describe the data well, the high affinity component has a K~1/2~ of 1 mM, and the low affinity component has a K~1/2~ of 44.5 mM.

Cytoplasmic pH Dependence of NHE1
---------------------------------

NHE1 activity is thought to be controlled by cytoplasmic pH sensors that ensure that exchange is activated only when the cytoplasm is significantly acidified ([@bib43]). In our experiments, however, exchange activity appears to be "deregulated," and multiple factors may contribute to this impression. First, we have used cytoplasmic solutions with high proton buffer concentrations. Ca transporters are reported to be activated by Ca buffers, independent of free Ca ([@bib1]; [@bib23]; [@bib41]; [@bib36]), and the presence of proton buffers might in some way affect proton binding by NHEs. We cannot completely discount a possibility that proton transport is limited by proton diffusion in intact cells, but from simple calculations and simulations this appears unlikely with mobile proton buffers at concentrations of 1 mM or more. Second, we used EGTA with no added cytoplasmic Ca. Complete chelation of Ca might dissociate important regulatory factors from the cell membrane. Third, and most probable to us as a key factor, our solutions contained nominally no cytoplasmic Na. On the one hand, cytoplasmic Na does not appear to strongly compete with cytoplasmic protons (see [Fig. 11](#fig11){ref-type="fig"}). But on the other hand, as noted in Results, cytoplasmic Na can have very large regulatory effects on NHE1 activity ([@bib18]; [@bib14]). Specifically, cytoplasmic Na concentrations in the range of 5--10 mM can have long-term inactivating effects that are G protein dependent, so that complete Na removal from the cytoplasm might have long-term activating effects that modify regulation by protons. The idea that cytoplasmic Na ions, as well as protons, might importantly regulate NHE activity bears a direct parallel to findings for Na/Ca exchange, where both cytoplasmic Na and Ca are critical ([@bib14]).

Na Dependence of NHE1
---------------------

Our findings about the extracellular Na dependence of NHE1 have potential implications for the exchanger\'s stoichiometry and the exchange mechanism itself. As pointed out in the Introduction, a simple transport function of mammalian NHEs ([@bib21]; [@bib19]; [@bib37]; [@bib38]; [@bib10]; [@bib26]; [@bib7]; [@bib49]; [@bib39]) was challenged by multiple previous studies that showed cooperative activating effects of Na ([@bib12]; [@bib31], [@bib32]). On the basis of the present work and the cited articles, it is established that the Na dependence of exchange activity can be cooperative from both membrane sides. This cooperativity is unlikely to reflect Na-dependent activation processes (i.e., regulatory processes) because in this case exchange activity in both directions would be activated by Na on the opposite membrane side. In contrast, reverse NHE transport is robust in the absence of extracellular Na ([Fig. 8](#fig8){ref-type="fig"}), and forward transport is robust in the absence of cytoplasmic Na ([Figs. 3--5](#fig3){ref-type="fig"}[](#fig4){ref-type="fig"}[](#fig5){ref-type="fig"}). Thus, it appears probable to us that the usual, nearly hyperbolic shapes of published Na--flux relations for NHE1 indeed mask complex transport functions, as illustrated in [Fig. 13](#fig13){ref-type="fig"} and in our simulations.

*Cis-trans* Ion Interactions
----------------------------

As mentioned in Results, it is predicted for a consecutive exchange mechanism ([@bib25]) that under the zero-trans condition half-maximal concentrations for transport from the cis side will shift to lower concentrations in proportion to the reduction of the maximal activity, as the concentration of the counter-transported ion on the trans side is reduced. For the forward transport mode ([Fig. 4 C](#fig4){ref-type="fig"}), we find that the half-maximal extracellular Na concentration shifts from 78 mM at a cytoplasmic pH of 6.0 to 34 mM at a cytoplasmic pH of 7.6, whereby the maximal proton flux at high Na is decreased by a factor of 2.9 ([Fig. 4, C and D](#fig4){ref-type="fig"}). The shift occurs in the direction expected for a consecutive model, but it is clearly smaller than expected.

We are aware of only one other study in the literature in which the extracellular Na dependence of exchange was determined systematically at different cytoplasmic acidities, and there was no clear change with changes of cytoplasmic pH ([@bib12]). In that study using osteoblasts, the extracellular Na dependence of exchange was unaffected by cytoplasmic alkalinization from 6.3 to 6.8, and it was unaffected by the presence of 40 mM of cytoplasmic Na at a cytoplasmic pH of 6.3. For reverse transport, we find that reduction of maximal transport activity by a factor of five with a reduction of cytoplasmic Na from 70 to 10 mM causes only a very modest 40% reduction of the half-maximal proton concentration on the extracellular side ([Fig. 8](#fig8){ref-type="fig"}). One would have expected transport to remain robust at more alkaline pH values with reduction of cytoplasmic Na, if a simple consecutive transport mechanism were operative.

For reasons outlined here and in the Results, it seems possible that two Na ions are transported per cycle most or all of the time by NHE1. Our modeling effort was guided by strong evidence that the exchanger is a dimer ([@bib15], [@bib16]; [@bib28]), by the previous studies suggesting a more complex NHE transport mechanism than generally assumed ([@bib31], [@bib32]), and by other transporters for which evidence has accumulated that multiple substrate sites exist in a single functional unit ([@bib5]). In the case of glucose transporters ([@bib5]), as in our serial model, it is suggested that substrates can bind on opposite sides simultaneously with functional consequences for transport function.

Reiteration of Different Possibilities for Dimer Coupling
---------------------------------------------------------

Ion dependencies of NHE1 activity, described here, are accounted for in the parallel model as follows: At cytoplasmic pH values of more alkaline than 6.5, exchangers exist primarily in the Mode 2 form that carries out transport with a 2H/2Na stoichiometry. Na dependence is therefore steep and displays a Hill coefficient of ∼2. With acidification, transporters shift to the Mode 1 and then transport with a 1Na/1H stoichiometry, whereby the shift between modes can generate a biphasic dependency on cytoplasmic protons (see [Fig. 9](#fig9){ref-type="fig"}). There is one discrepancy to the dataset: At low cytoplasmic pH, the Na dependency follows a simple Michaelis-Menton form. High and low affinity components (see left inset in [Fig. 3](#fig3){ref-type="fig"}) are not reproduced, and the serial model does somewhat better.

The extracellular Na dependencies of NHE1 are explained in detail by the *serial* model as follows: When the cytoplasmic proton concentration is high and extracellular Na is low, transporters accumulate in the *E2* configuration with both binding sites open to the outside (see [Fig. 1 B](#fig1){ref-type="fig"}). In this configuration, the reaction transporting Na to the cytoplasmic side is very fast, resulting in a transport component with high apparent Na affinity. As cytoplasmic pH is increased, the Na dependence becomes shaped by the 2:2 stoichiometry of the monomer. With the model parameters used, these complexities are less pronounced in simulations than in the experimental results ([Fig. 9 B](#fig9){ref-type="fig"}). As implied in [Fig. 13](#fig13){ref-type="fig"}, the model can readily produce a dataset that could be interpreted as a simple 1:1 Na/H exchange process.

Experimental Distinction between Models and Alternative Models
--------------------------------------------------------------

The major remaining question is how such different models can be distinguished experimentally and/or what other models or modeling approaches will be required to understand the basic operation of mammalian NHEs. First, definitive evidence for the stoichiometry of ion binding by NHE1 monomers must be achieved, and crystallographic studies are the obvious pathway to such data for Na binding sites. Second, if mutations could be developed that block dimerization while maintaining robust monomer function, it would be possible to analyze definitively the function of NHE monomers. Third, it may be revealing to develop dimers of different mutated exchangers with the expectation that new phenotypes will be generated if physical interactions between monomers are critical for NHE1 function.

In summary, we have shown that the extracellular Na dependence of forward NHE1 transport can take on a form consistent with transport of two Na ions per cycle, similar to a previous study ([@bib12]) for the cytoplasmic Na dependence of reverse exchange. We have documented multiple complexities of NHE1 function that are not explained by simple transport models, and we have presented two different models that can account reasonably for the available data. This work underscores a great need for new functional approaches to study NHE1 if fundamental issues about its molecular operation are to be resolved with confidence.
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